We describe our set-up for Stimulated Raman Scattering (SRS) microscopy with shot noise limited detection for a broad window of biologically relevant laser powers. This set-up is used to demonstrate that the highest signal-to-noise ratio (SNR) in SRS with shot noise limited detection is achieved with a time-averaged laser power ratio of 1:2 of the unmodulated and modulated beam. In SRS, two different coloured laser beams are incident on a sample. If the energy difference between them matches a molecular vibration of a molecule, energy can be transferred from one beam to the other. By applying amplitude modulation to one of the beams, the modulation transfer to the other beam can be measured. The efficiency of this process is a direct measure for the number of molecules of interest in the focal volume. Combined with laser scanning microscopy, this technique allows for fast and sensitive imaging with sub-micrometre resolution. Recent technological advances have resulted in an improvement of the sensitivity of SRS applications, but few show shot noise limited detection. The dominant noise source in this SRS microscope is the shot noise of the unmodulated, detected beam. Under the assumption that photodamage is linear with the total laser power, the optimal SNR shifts away from equal beam powers, where the most signal is generated, to a 1:2 power ratio. Under these conditions the SNR is maximized and the total laser power that could induce photodamage is minimized. Compared to using a 1:1 laser power ratio, we show improved image quality and a signal-to-noise ratio improvement of 8 % in polystyrene beads and C. Elegans worms. Including a non-linear damage mechanism in the analysis, we find that the optimal power ratio converges to a 1:1 ratio with increasing order of the non-linear damage mechanism.
INTRODUCTION
In recent years, coherent Raman scattering microscopy has found many applications in biomedical imaging. This group of sensitive imaging techniques based on intrinsic chemical contrast has advantages over fluorescence microscopy, mainly because it is a label-free technique. This allows imaging of small molecules or easily disturbed systems without perturbing their biological function [1] - [3] . In particular Stimulated Raman Scattering (SRS) microscopy has shown great promise in this field. Technological developments have improved sensitivity [4] - [6] and imaging speed [7, 8] and brought this from a concept to a promising technique for biomedical imaging [9] .
In SRS, two different coloured laser beams are incident on a sample. If the energy difference between them matches a molecular vibration of a molecule, energy can be transferred from one beam to the other. By applying amplitude modulation to one of the beams, the modulation transfer to the other beam can be measured. The efficiency of this process is a direct measure for the number of molecules of interest in the focal volume. Combined with laser scanning microscopy, this technique allows for fast and sensitive imaging with submicrometre resolution [1] .
The first demonstrations of SRS microscopy showed poor detection limits, requiring many thousands of molecules with large Raman scattering cross sections in the focal volume. Improvements in the detection of the small signals have lowered the limit of detection. By resonant amplification of the signal [10] , using chemical labelling [11, 12] , or implementing a different detection geometry [5, 6, 13] , the sensitivity can be pushed close to the shot noise limit. This has allowed imaging not only in the CH-stretch region but also in the fingerprint region, where Raman signals are often weaker [14] .
Because signal levels in SRS microscopy are measured as a small change on a high background intensity, care must be taken to optimize the imaging parameters to achieve the best signal-to-noise ratio (SNR) for the applied laser power. The best attainable situation is realized when shot noise dominates the noise contributions, because the shot noise is an intrinsic property of the detected light.
In this paper, we show shot noise limited detection for a broad range of laser powers with an experimental set-up based mainly on commercial components. This system is used to demonstrate the validity of the theoretical prediction that the highest SNR can be achieved with a time-averaged laser power ratio of 1:2 of the unmodulated and modulated beams. An SNR improvement of 9 % is attainable compared to the more commonly used 1:1 laser power ratio, without any changes to the sample or set-up. While small, this increase can enhance the image quality without sacrificing signal by simply tuning the laser power appropriately.
THEORY
The amount of signal generated in SRS is described by
where [c] is the concentration of scatterers, σ the scattering cross section and I pump and I Stokes the laser power densities of the pump and Stokes beam, respectively [6, 15] . For picosecond SRS, the power density of both beams is linear with the laser intensity, as the pulse duration and focusing conditions are the same. In Stimulated Raman Loss (SRL), the amplitude of the Stokes beam is modulated to provide the frequency for lock-in detection. The time-averaged intensity of this modulated beam is half the intensity during 'on' time. The total laser power density I total is defined as the sum of I pump and I Stokes ;
In any application, the photodamage caused to the sample sets an upper limit on the total power applied. In our set-up, both I pump and I Stokes have an 8 picosecond pulse length and wavelengths in the near IR, therefore mechanisms of photodamage are expected to be similar for both colours [16] . In the case of a linear dependence of photodamage on the total power, any division of power between the two beams is assumed to result in the same amount of exposure and photodamage. The distribution of this total power between the two colours determines the amount of SRS signal and the resulting SNR, and should be carefully considered.
By combining Eqs. (1) and (2) and evaluating the derivative as a function of I pump , it is found that the maximum signal is obtained when the time-averaged intensities of pump and Stokes beam are equal. This is also the optimal experimental choice when the noise is independent of the laser powers in non-shot noise limited implementations and for related coherent Raman methods where the signal is measured against a dark background, such as in Coherent AntiStokes Raman Scattering (CARS) and Raman Induced Kerr Effect Spectroscopy (RIKES). However, when the dominant noise source is shot noise, as in our implementation of SRS microscopy, the noise level only depends on the intensity of the detected beam and the SNR is given by
The maximum SNR is found when the derivative of Eq. (3) with respect to I pump is equal to zero, resulting in a ratio of 1:2 of the time-averaged intensities of the pump and Stokes beams. In this case, the peak power of the Stokes beam during the 'on' phase of the modulation is four times that of the pump beam. This 1:2 power ratio would result in a theoretical improvement of the SNR of 9 % compared to a 1:1 power ratio. The same principle applies to Stimulated Raman Gain (SRG), but in that case the ratio is reversed because the Stokes beam is detected. The validity of this argument also extends to other coherent Raman methods where the signal is measured as an increase of the detected beam, such as optically heterodyne detected RIKES [17] and heterodyne CARS [18] . Here the time-averaged intensity of the detected, unmodulated beam should also be half the intensity of the modulated beam to realize the highest SNR.
EXPERIMENTAL SET-UP
We have built a flexible imaging set-up for Stimulated Raman Loss microscopy ( Figure 1(a) ). Shot noise limited detection is achieved when the shot noise is equal to or larger than any other noise source. In our case, at the lower end, this is at 75 µW of pump power on the detector (Figure 1(b) ), where the shot noise is equal to the measured thermal or Johnson-Nyquist noise of 71 nV/ √ Hz. The upper limit of 10 mW is defined by the saturation current of the photodiode (5 mA) which is well before the relative intensity noise of the laser becomes significant. The effective shot noise window with a collection efficiency of 50 % and a 1:2 power ratio is from 0.45 − 60 mW of total power on the sample, which corresponds well with biologically acceptable intensities.
RESULTS AND DISCUSSION
We have experimentally validated the predicted optimal ratio between I pump and I Stokes . A sample of 2 µm polystyrene beads in water was sandwiched between a glass slide and a coverslip. SRL images were taken at the 2845 cm −1 CH 2 stretch vibration. Figure 2 shows the background level, signal intensity and SNR for different ratios of pump and Stokes power at a total power of 9 mW on the sample. The highest SNR was found for a ratio of 1:2, which matches the theoretical prediction.
The SNR here is defined as the measured signal divided by the sum of the noise contributions, which consist of electronic noise and shot noise. At the laser powers used, the relative intensity noise of the laser at this modulation frequency is very small and does not contribute. The background level (the amplitude measured at a location where no Raman vibration is accessible) is equal to the sum of the constant electronic noise and the shot noise and consistent with the theory (grey dashed line in Figure 1(b) ). Other contributions that could have been expected are related to non-resonant background caused by the Raman-induced refractive index change (Kerr effect). As the measured background correlates exactly to the theoretical shot noise, these effects are negligible here. This is reasonable because the large Raman cross-section of the CH 2 -stretch allows low laser powers to be used. Furthermore, the nonresonant medium is spatially uniform, eliminating the main source of Raman-induced refractive index changes [19] .
Data points were measured as the mean intensity of six regions of interest of Ø1 µm in the images on and off the beads for signal and background respectively. Error bars represent one standard deviation of the mean value of those regions. The dashed line through the background data points is the sum of measured electronic noise and theoretical shot noise. The fitted line through the signal data points is based on the theory described above, with the only free parameter being the amplitude of the curve. This is a function of concentration and scattering cross section and includes the detection parameters (collection efficiency, spectral sensitivity of the detector, transimpedance gain). This amplitude, combined with the theory described above, is used to determine the dashed line through the SNR data points. The measured electronic noise is included in the predicted SNR by adding it to the shot noise in the denominator of Eq. (3). This primarily has an effect for low pump powers, as at a 1:2 ratio, the shot noise is already 4.5 times as large as the electronic noise. In this configuration, with the current collection efficiency and applied maximal power, the maximal SNR was found for a 1:1.9 ratio, so the effect of the electronic noise is minimal. The contribution of electronic noise lowers the maximum improvement in SNR from 9 % to 8 % compared to using a 1:1 laser power ratio. This improvement is relative to the same set-up, changing only the laser powers of the excitation beams. While the enhancement is small, it does not require any new hardware and can be implemented on any system. The image quality for four different laser power ratios is demonstrated in Figure 3 . Although the intensity of the 2 µm polystyrene beads is highest at equal laser power, the background is also stronger. The SNR at a 1:2 ratio was higher than at a 1:1 ratio, as predicted. Images were recorded at 256 × 256 pixels with a pixel dwell time of 100 µs. Four frames were averaged for each image, total time per image was 36 seconds.
The time constant of the lock-in amplifier was set to 100 µs with a slope of 24 dB/oct. The amplitude output at a sensitivity of 300 µV was supplied to the ZEN microscopy software, which was used to record the images. This robust configuration was chosen as it required no prior calibration of the lock-in phase. Though experimentally more complex, measurement of the phase-sensitive X-component could have further improved the SNR by a factor of √ 2. The lock-in amplifier locks to the highest amplitude at the provided reference frequency, which is correct for the SRS signal, but when no signal is present, it results in the maximum magnitude of the shot noise, rather than only the in-phase component. The expected improvement would be proportional to the SNR and does not change the relative improvement of using a 1:2 laser power ratio compared to a 1:1 ratio. respectively. Total power on the sample was constant at 9 mW. The SNR improvement is 8 ± 2 %. Scale bar is 10 µm.
The SNR improvement of 8 % is small, but the effect could be important at lower signal levels, as are encountered in real biological samples. In Figure 4 the results of imaging the head end of an adult C. Elegans roundworm at 2845 cm −1 are shown. Mature Bristol N2 wildtype animals were anaesthetized with 5 mM levamisole dissolved in M9 buffer and mounted on a thin agarose film on a glass slide and covered with a coverslip. The SRL signal originates from CH 2 -stretches in the cellular membranes and the intracellular lipid droplets that are abundant in these animals [20] . Images shown are single recordings of 1024 × 1024 pixels with a pixel dwell time of 100 µs. The time constant of the lock-in amplifier was set to 100 µs with a slope of 24 dB/oct and 300 µV sensitivity. The improvement in SNR was calculated from six Ø3 µm regions of interest on the worm compared to the background outside the worm body. An average improvement in the SNR of 8 ± 2 % was found for a 1:2 power ratio compared to a 1:1 ratio. Even though the CH 2 -stretch has a large Raman cross-section, the signal level is still low at regions of low concentration. The improvement in SNR results in an improvement of contrast compared to the background. In Figure 4 , this effect can be appreciated from the enhanced contrast in regions of low signal, such as at the outer membranes of the worm.
We have shown that the optimal laser power ratio for shot noise limited applications of SRS is a 1:2 ratio of the unmodulated and modulated beams, for the situation with a given maximum combined average power of pump and Stokes laser beams. In the case of a non-linear damage mechanism, not just the total time-averaged power defines the amount of damage, but the time-dependent intensity profile of the modulated beam becomes important. The amount of damage is described as proportional to the intensity of the applied laser power, raised to the power of the damage order:
Where D symbolizes the amount of damage, I(t) the intensity profile in time and n is the order of the damage mechanism [21] . The value of n has been determined for the typical laser parameters of power, wavelength, pulse length and repetition rate used in coherent Raman scattering microscopy. For dense structures such as protein clusters, it is near 1, while for a less dense environment such as a cell, values of n above 2 are found [16, 22] . Two types of modulation profile are commonly used in SRS; sinusoidal modulation and top hat modulation (inset Figure 5) . The damage caused by these modulation profiles can be expressed as:
Here, ω is the modulation frequency and the chevrons indicate a time average over an integer number of modulation cycles. The time averaging is included in the top hat modulation profile by the factors of 1 2 . The same signal level is achieved with these different modulation profiles, but the higher instantaneous peak powers of top hat modulation will result in more damage to the sample for non-linear damage mechanisms. This indicates the choice for a sinusoidal modulation profile is usually beneficial.
We evaluated the optimum by finding the ratio giving the highest SNR for a constant amount of damage for these modulation profiles. Figure 5 shows this optimal ratio of I pump to I Stokes as a function of the order of the damage mechanism. The optimal ratio is independent of pixel dwell time and total amount of damage. For a value of n = 1, we find an optimal ratio of 1:2, but for higher values of n the optimum shifts towards a 1:1 ratio.
To find the optimal ratio of I pump to I Stokes for an application, one would ideally need to know the damage mechanism of the sample to evaluate the equations shown above. In practice, other considerations could also play a role in determining the choice of laser powers, such as a different damage mechanism for the two colours, saturation of the detection system limiting the detected power [13] or a limitation in the available power of one or both colours. In such cases, the theory in Section 2 and above should be evaluated to achieve the maximum SNR within the limitations of the experimental system.
CONCLUSIONS
We have shown shot noise limited detection over a broad window of biologically relevant laser powers. Our version of shot noise limited detection is easy to implement, with mostly commercial components and a homebuilt amplifier. A shot noise limited detection window is achieved from 0.45 − 60 mW of total power on the sample. These laser powers are a useful range for imaging of biological samples.
We have experimentally confirmed that the best SNR is achieved when the modulated beam has double the timeaveraged intensity of the detected, unmodulated beam for a linear photodamage mechanism. Particularly in applications where small signals need to be distinguished from a dark background, shot noise limited detection should be implemented and the SNR can be maximized using a I pump :I Stokes ratio of 1:2. For non-linear photodamage, the optimal ratio converges to a 1:1 ratio with increasing order of the non-linear damage mechanism.
